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Abstract
Introduction. E. coli O157:H7 has  three  sodC genes encoding  for Cu,Zn superoxide 
dismutase.  We  evaluated  the  expression  of  chromosomal  sodC  in  distinct  phases  of 
growth in different strains, and we examined the mutual capability of chromosomal and 
prophagic genes to influence their expression. 
Methods. We used One Step real-time RT-PCR technology to study the expression of 
sodC genes in several E. coli strains.
Results. In three of four analysed E. coli O157:H7 strains the chromosomal sodC gene 
was more expressed in exponential phase than in stationary phase, unlike it occurs in the 
E. coli K12 strain. The expression of the chromosomal gene was always higher than that 
of the prophagic copies. Deletion of prophagic or chromosomal sodC genes had no effect 
on the expression of the residual gene.
Conclusion. Our study highlights an inherent variability in number and level of expres-
sion of sodC genes in E. coli O157:H7 strain.
INTRODUCTION 
Enterohemorrhagic Escherichia coli  O157:H7  is  a 
human  pathogenic  bacterium  responsible  for  many 
food-borne outbreaks  and  gastrointestinal  illnesses.  It 
can cause bloody diarrhea, hemorrhagic colitis and ap-
proximately 4% of the cases develop hemolytic uremic 
syndrome  (HUS), of which around 0.5% are  fatal.  In 
2013, 1828 cases were reported in EU (http://www.efsa.
europa.eu/it/press/news/150128).
E. coli O157:H7 has antioxidant enzymes, as superox-
ide dismutases and peroxidases, to counteract oxidative 
stress  caused  by  reactive  oxygen  species  derived  from 
aerobic  metabolism,  environmental  sources  and  host 
immune response [1, 2]. E. coli O157:H7 possesses one 
chromosomal and two prophagic sodC genes encoding 
for Cu,Zn  superoxide  dismutases  (SodCs),  differently 
from most of the other enteropathogen microorganisms. 
In previous works, we demonstrated that  the two pro-
teins of prophagic origin (SodC-F1 and SodC-F2) have 
different structural/functional features as regard the en-
zyme encoded by the chromosomal sodC copy (SodC) 
[3] and different involvement in biofilm formation [4].
This work aims to extend the study carried out so far 
on sodC genes, focusing it on the expression level of the 
three  genes. Although many  investigations  have  been 
conducted on chromosomal sodC gene [5-7] this is the 
first study that compares its expression in different E. 
coli O157:H7 strains and takes into account the expres-
sion  of  the  prophagic  copies.  To  this  purpose  we  ex-
amined the sodC genes in deletion mutants, previously 
obtained  in  our  laboratory  [3]  and  in  human  isolates 
that differ in the number of prophagic copies from the 
E. coli O157:H7 reference strain.
MATERIALS AND METHODS
Strains 
In this work, we used the E. coli O157:H7 reference 
strain EDL933 and three clinical human isolates con-
nected to HUS cases ED597, identical to the reference 
strain EDL933 for the sodCs gene sequences [3], EDB 
and ED419 both lacking the prophagic sodC-F2 gene. 
All strains were kindly provided by Dr. Morabito, De-
partment of Food Safety and Veterinary Public Health, 
Istituto  Superiore  di  Sanità,  Rome.  Also,  we  used 
four mutant strains of ED597, named from RG101 to 
RG104, lacking the chromosomal sodC gene and one or 
both the prophagic sodC copies [3]. As non-pathogen 
E. coli K12 reference strain, we used M1655 from our 
laboratory collection.
RNA preparation
The strains were grown in modified M9 minimal me-
dium, named modM9 (0.6% w/v of Na2HPO4, 0.3% w/v 
of  KH2PO4,  0.1%  w/v  of  NH4Cl,  0.5%  w/v  casamino 
acid, 0.1% w/v MgSO4 and 0.2% w/v glucose). Overnight 
cultures were diluted 1:30 into fresh medium and incu-
bated at 28 °C with shaking (200 r.p.m.). Samples were 
collected at OD600 of 0.2, 0.4 and 0.7 corresponding to 
exponential,  late exponential and stationary phases of 
the growth curve,  respectively. The culture was mixed 
Address for correspondence: Roberta Gabbianelli, Servizio Biologico per la Gestione della Sperimentazione Animale, Istituto Superiore di Sanità, Viale 
Regina Elena 299, 00161 Rome, Italy. E-mail: roberta.gabbianelli@iss.it.
Raffaella Scotti, Laura Nicolini and Roberta Gabbianelli
B
r
ie
f
 N
o
t
e
s
310
with two volumes RNA protect Bacteria Reagent (Qia-
gen) by vortexing for 5 s, then incubated for 5 min at 
room  temperature,  and  centrifuged  at  5000  g  for  10 
min at 4 °C. Total RNA was isolated from cell pellet by 
using the Presto Mini RNA Bacteria kit, according to 
the manufacturer’s instructions (Geneaid). The purified 
total  RNA was  incubated with DNaseI  (Epigenetics) 
for 15 min at 37 °C and then quantified using a Nano-
Drop UV-VIS spectrophotometer (Thermo Scientific). 
RNA  samples were prepared  from  three  independent 
cultures for each condition.
qRT-PCR
Quantitative  real-time  PCR  (qRT-PCR)  analysis  of 
the RNA samples was performed in a single-step reac-
tion using the Power SYBR Green RNA-to-CT1- Step 
Kit (Applied Biosystems). 
We used  the housekeeping gene  rrsD (16S RNA of 
the rrnD operon) as the reference, to normalize the val-
ues obtained for the genes analysed. All primers were 
designed  using  PerlPrimer  v1.1.21  software  (http://
perlprimer.sourceforge.net/). The oligonucleotides used 
are: 
•  sodC-5’: GTCGAGATGAACCTCGTCAC; 
•  sodC-3’:TCCAGACCTTTATCGGTTTCA; 
•  sodC-F-5’:GTTCACACCAGCCCTTCA; 
•  sodC-F-3’:TGACCGCCAGCCGATAAT; 
•  katE-5’:GTATTCATACCTTCCGCCTG; 
•  katE-3’:GTGCTTCATCCCAAACGAG; 
•  16S-5’:CATCCACAGAACTTTCCAGAG; 
•  16S-3’:CCAACATTTCACAACACGAG. 
These  primers  amplified  an  85-120  bp  DNA  se-
quence within each gene. The sodC-F primers matched 
to both prophagic genes. 
Reactions  included 15 ng RNA, 200-400 nM prim-
ers, 12.5 µl SYBR Green reaction mix (2x), 0.2 µl  re-
verse transcriptase mix (125x) and H2O up to 25 µl total 
reaction volume. Reactions were run in an EcoTM ther-
mocycler (Illumina). qRT-PCR conditions were: 30 min 
at 48 °C, followed by 10 min at 95 °C and 40 cycles of 
cDNA amplification (95°C for 30 s, 60 °C for 1 min). 
The thermal melt-curve analysis was performed at the 
end of the PCR amplification and showed a single sharp 
peak for each gene examined, indicating the specificity 
of  the amplification  reaction. A comparative quantifi-
cation was  used  for  qRT-PCR data  acquisition  analy-
sis. qRT-PCR data are presented as fold change in the 
expression  level  of  the  target  gene  in  the  test  sample 
relative to the expression level of the same gene in the 
calibrator, where the expression level of the calibrator is 
set to 1.0. The sample containing RNA of the ED597 
strain, collected at an OD600 of 0.2 or 0.4, was used as 
a calibrator to which all other RNA samples were com-
pared, with respect to the expression of the target gene. 
To account for any variations  in the amounts of RNA 
across samples, qRT-PCR amplification of each sample 
was normalized to samples containing primers for 16S. 
The passive reference dye ROX allowed compensation 
for non-PCR related variations in the fluorescence data 
acquisition. Final data represent the expression level as 
the mean of the data collected from at least five inde-
pendent experiments.
Statistical analysis
Data  analysis  was  performed  with  Excel  software 
(Microsoft Office Excel 2007). The level of significance 
was calculated by Student’s t-test. 
RESULTS AND DISCUSSION
In previous works, carried out on the ED597 strain 
and  its  derived  mutants,  we  demonstrated  that  the 
sodC genes were differently regulated and encoded for 
proteins with distinct structural and functional proper-
ties [3]. Furthermore, we proved that they were differ-
ently involved in biofilm formation indicating that their 
functions are not truly redundant [4]. In this paper, we 
completed our analysis investigating on any differences 
of expression between the chromosomal and prophagic 
sodC genes. 
Expression of chromosomal and prophagic sodC 
genes in E. coli O157:H7 strains
Quantitative real-time PCR analysis of sodC genes ex-
pression in ED597 strain showed that the transcription 
level of  the chromosomal  copy was  twice higher  than 
that of the prophagic sodC-F genes (Figure 1). Since the 
two prophagic sequences differ by a single nucleotide 
and  the  pair  of  sodC-F primers were  not  able  to  dis-
criminate the two genes, the bar in the graphic was due 
to  the  contribution of both  copies. The  expression of 
the single prophagic gene was evaluated using the mu-
tant strains: RG102, RG103 and RG104, lacking sodC-
F1, sodC-F2 and both copies, respectively [3]. Observ-
ing the expression of the single prophagic gene in the 
mutants RG102 and RG103 we  inferred that  the two 
copies equally contributed to the expression level in the 
wild-type and RG101,  lacking  the  chromosomal  sodC 
gene. Figure 1 showed very  few differences  in  the ex-
pression of the chromosomal gene in the mutant strains 
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Figure 1
The strains were grown at 28 °C in modM9 up to OD600 = 0.4. 
The relative levels of sodC and sodC-F genes transcripts were 
shown, setting as 1 the mRNA level of the chromosomal sodC 
gene in ED597.
No significant differences were observed in the expression 
level of the chromosomal sodC gene (blue bar) in all strains, 
except in ED419 (p < 0.01). 
The expression level of sodC-F genes (orange bar) represented 
by * was significantly different (p < 0.01) from that represented 
by **. Error bars indicate standard deviations of at least five in-
dependent experiments.
Chromosomal sodC differs from sodC-f genes
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compared with the wild-type. This result suggested that 
the prophagic copies did not  influence the expression 
of the chromosomal gene. On the other hand, the ob-
servation that the sodC-F genes expression was nearly 
identical  in the wild-type and the RG101 strains  indi-
cated no influence by the chromosomal copy; thus we 
concluded  that  the  expression  of  the  sodC genes was 
unrelated in the ED597.
In  this  study,  we  also  included  a  clinical  isolate 
ED419, naturally lacking sodC-F2, comparing it to the 
RG103 strain, experimentally deleted of sodC-F2. The 
residual prophagic copy was expressed similarly in both 
strains,  while  the  chromosomal  copy  was  expressed 
higher in the ED419 than in the RG103, not keeping 
the expression ratio observed in the RG102 and RG103 
strains (Figure 1). This result suggested that the chro-
mosomal sodC expression might be variable in different 
natural strains though retaining its level of transcription 
always higher than that of the prophagic copies. 
Growth phase-dependent expression  
of the chromosomal sodC gene 
To investigate the variability of the expression of chro-
mosomal sodC, we examined the next E. coli O157:H7 
strains: the reference strain EDL933 and a second clini-
cal isolate EDB naturally lacking the sodC-F2, besides 
the ED597 and ED419 strains already analysed for the 
prophagic genes. We grew the bacteria in minimal me-
dium and sampled at OD600 = 0.2 and 0.7 correspond-
ing  to  exponential  and  stationary  phase,  respectively 
(curve of growth not shown).
The  reported  data  indicated  that  the  ED597  and 
EDL933  strains  were  similar  in  the  sodC  expression 
level  in both growing phases  (Table 1). Conversely,  in 
the EDB and ED419 strains we observed a higher vari-
ability  in  the  transcription  level  in  stationary  phase, 
where  the  sodC gene was expressed  four- and eleven-
fold more than in the ED597, respectively. Unexpect-
edly, we observed that the gene transcription decreased 
in  stationary  compared with  the exponential phase  in 
all E. coli O157:H7 strains except ED419. This result 
was not in line with previous studies carried out in dif-
ferent  bacterial  species  [8-10],  including  the  E. coli 
strains  [3,  5,  11-13]  in which  the  chromosomal  gene 
was  higher  expressed  in  stationary  phase.  To  gain  in-
sight  into  the  growth  phase-dependent  gene  expres-
sion  in our  strains, we  focused on  the  analysis  of  the 
katE  (catalase  HPII),  which  is  another  gene  known 
to be more highly expressed in stationary phase in the 
EDL933 [14]. We also decided to include in the study 
the non-pathogen E. coli K12 already examined in other 
works [7, 12-13]. It  is  important to note that most of 
the papers cited above were performed in rich medium 
at 37 °C [3, 11-12] and only a few in minimal medium 
[5, 7, 13], but none was carried out in our conditions 
on E. coli O157:H7. The katE gene followed the expres-
sion pattern  of  the  sodC gene  in  all E. coli O157:H7 
strains examined, suggesting that the unusual behavior 
of the two genes in stationary phase was due to a com-
mon mechanism of regulation. On the other hand, both 
genes were expressed higher  in stationary phase  in E. 
coli K12 as well as in ED419 strains. 
Taken  together  the data  suggested an extreme vari-
ability in the expression of sodC and katE genes in the 
analysed E. coli O157:H7 strains. In fact, in our growth 
conditions, only the results obtained with the reference 
strain EDL933 and ED597 are nearly overlapping, un-
like the other two isolates. On the other hand, the gene 
expression  of  sodC  and  katE  increased  in  stationary 
phase only in ED419 as well as in E. coli K12 strains, 
while the EDB showed the same growth phase-depen-
dent  as  that  observed  in  the  reference  EDL933  and 
ED597 strains. 
The  origin  of  this  behavior  is  likely  to  be  complex. 
Our  results  might  derive  from  the  influence  of  rpoS 
(encoding  the  stationary  phase  sigma  factor)  on  the 
examined  genes.  RpoS  controls  a  large  regulon  and 
plays a critical role in survival against stresses. Certainly 
a stressful situation is represented by cells growing on 
minimal medium, where  they  are partially  starved  for 
amino acids. This condition has as a consequence the 
increasing  transcript  levels  of  stress-inducible  genes 
as  sodC and katE [14]  that are  reported  in  the  list of 
the  top  200  most  RpoS-dependent  genes  in  station-
ary phase [15]. Despite the importance of RpoS, many 
mutations in its locus drive genetic instability or adapt-
ability  in  both  laboratory  and  nature.  In  fact,  growth 
and  storage  of  bacteria  for  short  periods  is  sufficient 
for the accumulation of rpoS mutations in high propor-
tions [16], and polymorphism in the rpoS gene is com-
mon also in pathogenic E. coli in natural environments, 
although  the  causes  are not  fully understood  [17].  In 
summary,  it  is  interesting  to speculate  that any muta-
tions  in  the  rpoS gene  in EDL933, ED597 and EDB 
strains might be the cause of the discrepancies observed 
in the growth phase-dependent expression of chromo-
somal  sodC. Moreover,  the  invariance  of  the  SodC-F 
observed in the ED597 and ED419 strains might be at-
tributable to the independence of prophagic sodC cop-
ies by RpoS as already reported in our previous study in 
different growth conditions [3]. 
Table 1
Relative gene expression in exponential and stationary phases
Strain Phase of 
growth
sodC Phase of 
growth
katE
ED597 EXP 1 EXP 1
STA 0.48 STA 0.44
EDL933 EXP 1.38 EXP 1.01
STA 0.6 STA 0.42
EDB EXP 3.46 EXP 19.03
STA 2.3 STA 12.21
ED419 EXP 1.17 EXP 2.92
STA 5.7 STA 29.92
K12 EXP 22.32 EXP 91.62
STA 33.36 STA 147.57
EXP: exponential phase (OD600= 0.2); STA: stationary phase (OD600= 0.7).
mRNA of ED597 EXP sodC and KatE is set to 1.
All differences between exponential and stationary phases were significant 
with p < 0.01, except for katE gene in EDB strain where the difference was p 
< 0.05.
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CONCLUSION
In  conclusion,  this  work  highlights  the  absence  of 
a  correlation  between  the  chromosomal  gene  and 
prophagic sodCs, reflecting their different dependence 
by RpoS  and  thus  reaffirming  that  they  are  not  truly 
redundant genes. 
Also, our findings, although not conclusive, show that 
the  level  of  transcription  of  prophagic  sodC  remains 
relatively constant and lower than that of the chromo-
somal copy in the examined strains.
Furthermore, this study emphasizes the high variabil-
ity  of E. coli O157:H7  strains  inferred  from  the  next 
results.  First,  the  number  of  copies  of  the  prophagic 
gene  is  variable;  second,  the  expression  level  of  the 
chromosomal  copy  significantly  varies  in  different E. 
coli O157:H7 strains; finally, the increase in the expres-
sion of the chromosomal gene is not always related to 
the stationary phase.
Overall,  the  general  recommendations  arising  from 
these data are that care should be taken handling the 
reference  strain,  because  of  potential  changes  in  the 
genes  or  the multiple  regulators  involved  in  adaptive 
strategies against stresses.
To  understand  the  underlying  mechanisms  of  the 
RpoS regulation of growth phase-dependent expression 
of  the  sodC  and  katE  genes,  we  will  perform  further 
studies  in E. coli O157:H7  strains  used  in  this work, 
analysing the effect of the deletion of rpoS in our growth 
conditions. In addition, we will extend the study to the 
expression of prophagic genes in the E. coli O157:H7 
strains of our collection not yet analyzed.
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